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Introduction
Effective and safe manipulation of objects requires accurate perception of physical properties such as size, shape and weight. For example, weight will inform us about how heavy an object is so that we can adjust our posture and grip forcé to achieve effective manipulation. When an object feels heavy, we may chose to use both hands to lift it and/or increase our grip forcé to maintain a secure grip. In addition, weight perception may affect the way we carry out precisión tasks which require deployment of exact forces by the user at the moment of contact between the effectors (e.g., surgical probé) and the effected objects (e.g., human organ). Research on haptics suggests that people perceive weight using both cutaneous and proprioceptive cues such as skin pressure, tactile flow and muscular activity [10, 1] . For example, when we lift objects with rougher surfaces or shape facilitating effortless grip then we perceive them as lighter than objects with smoother surfaces or shape resulting in arduous grip. Both smooth and 'arduous grip' shapes demand the application of greater grip forces in order to lift and/or hold the object. This has been shown to result in a greater 'sense of effort' and heavier weight percept [2] [3] [4] . Further studies have shown that the state of the muscles (e.g., paresis, anaesthesia) or the level of muscular activity (e.g., fatigue, changes in arm weight, and posture) may also affect 'sense of effort' and weight perception [5, 6, 12, 14] . Therefore, loss, impairment or restriction of cutaneous and/or proprioceptive feedback seems to affect our ability to accurately perceive the weight of an object.
Haptic interfaces are widely used to simúlate physical objects for different type of applications including micro-surgery and assembly. Most common haptic interfaces (e.g., PHANToM, Delta) are based on one-point-contact force-feedback using a thimble or probé. This type of interfaces, primarily engage the proprioceptive system at different joints (e.g., wrist, elbow, and shoulder) depending on the size of their working space and may provide (depending on their specifications) realistic geometrical representations of simulated objects through haptic exploration. Nonetheless, the use of thimble results in a constant pressure on the skin at the fingertips and, thus, providing unreliable cutaneous information about the physical properties of the virtual objects, including weight. As a consequence, virtual weight may be misperceived. Furthermore, it may be difficult to elimínate the weight of the device which could result in further misperception of weight. Combining more than one device in order to enable multipoint-contact for unimanual and/or bimanual manipulation could easily multiply this problem. For example, the forces applied by the different devices should be spatio-temporarily matched. In the case of bimanual manipulation, the system should also be able to compénsate for the different positions and forcé exerted by the two hands.
Here, we present a weight discrimination study which evaluates unimanual and bimanual weight perception in a desktop environment using a new force-feedback haptic interface which enables multi-point contact manipulation of virtual objects, the MaterFinger-2 (MF-2) [11] . The main advantage of MF-2 over existing one-point contact forcé feedback devices is that allows precisión grip with large workspace relative to the physical size of the device. For example, when coupling two PHANToMs 1.5 to allow precisión grip manipulation the workspace reduces from 270 mm 3 to 100-150 mm 3 . The new MF-2 includes a redundant DOF allowing a larger ellipsoid workspace of 400 mm x 400 mm x 200 mm (XYZ) to be created and used. An additional advantage is that it is built as open architecture permitting the incorporation of other devices such as sensors and actuators. The present study required the participants to judge virtual weights lifted with the right hand and two hands and then compared the data to those obtained from a previous study which used real weights (part of these data were reported in [8] ).
Materials and methods

Apparatus
In order to genérate virtual weights we used the MF-2 device, which is based on a robot-arm design with two arms and allows the user to use precisión grip to manipúlate virtual objects. Each arm has a serial-parallel structure with 6DOF for movement and 3DOF for forcé reflection allowing grasp movements in any direction. The arms are connected to the base of the device through an additional actuatorto increase workspace and introduce an additional DOF. This 'redundant' DOF is used to monitor the path of movement of the fingers and intervene to avoid colusión ( Fig. 1) . This configuration allows a spherical workspace without collisions between finger links.
The forces exerted by the user where registered by three FlexiForce sensors which were inserted in each thimble (Fig. 2) . These sensors were used to measure normal and tangential forces exerted by each finger. The flrst sensor (Sensor 1) was placed at the bottom ofthe thimble in direct contact with the fingertip and measured normal forcé. The othertwo sensors (Sensors 2 and 3) were placed at the lateral sides ofthe thimble and their output was used to compute the tangential forces. Thus, Sensor 1 measured grip forces and Sensors 2 and 3 measured load forces. In order to increase reliability of forcé readings, the FlexiForce sensors were placed between two aluminium plates with same shape and size. Tests that conducted to check the reliability ofthe readings during grasping tasks showed a máximum error of 15% which was considered to be acceptable since the time evolution of forces promptly corresponds to the forces applied in real grasping tasks.
In order to enable bimanual manipulation of virtual objects, two MF-2 devices were coupled. They were placed upside-down on an aluminium frame in order to remove the bases ofthe two devices from the desktoptoallowthe two hands tomove freely across the workspace. The user was provided with virtual visual feedback about the position ofthe hands and the object based on the position and orientation ofthe index and thumb thimbles (Fig. 3) . Feedback forces were calculated on the basis of the location of the thimbles and were proportional to the finger-object penetration. The forces were delivered to the user when a colusión between a finger and the object was detected. In the present set up the forcé ware contained in a horizontal plañe.
During unimanual manipulation, the load ofthe object was simulated by applying equal vertical forces to both thimbles simultaneously (i.e., 50% ofthe total load forces are applied to the index and 50% to the thumb). During bimanual manipu- lation, the load forces were distributed equally among all four fingers (i.e., 25% per finger).
Stimulus
The mínimum virtual weight which could be simulated consistently by MF-2 over the entire workspace was 75 g. The MF-2 was capable of simulating forces with smaller magnitude but due to mechanical restrictions the simulation of smaller than 75 g forces was not consistent across the entire workspace. In the present experimental set up, during the vertical weight lifting, participants approached the máximum Z valué of 200 mm. Thus we selected 75 g as the minimum simulated weight and used it as the step size (i.e., the minimum difference between two weights) and the minimum weight of a range of seven weights: 75,150, 225, 300 (the standard weight), 375,450 and 525 g. The virtual weights were generated by the MF-2 and presented as visuo-haptic boxes with constant size of 100 x 170 x 150 mm (WxDxH). The width of the precisión grip was determined by the width of the virtual box while the distance between left and right grip in bimanual lifting was determined by its depth. The advantage ofthe short depth is that it minimises the risk of torques affecting weight judgments in the unimanual lifting by allowing the user to grasp the box near the virtual centre of mass.
Procedure
Eight postgraduate students (average age of 26.1 years oíd) ofthe Universidad Politécnica de Madrid volunteered to particípate in the study and were all nai've as to the purpose ofthe experiment. They were all right-handed and they placed their Índices and thumbs into the thimbles in order to manipúlate the virtual object with a precisión gip. Similar experimental procedures and conditions that were used in [8] were also used here; that is, a temporal 2AFC paradigm and two conditions. The experimental condition (exp), which tested weight discrimination between the right hand (RH) and both hands (BH) and a control condition (ctrl), which tested (ctrl) ; in the second phase, they lifted the standard/test box with BH/RH (exp) or RH (ctrl) and, in the third phase, they reported verbally which box felt heavier. The presentation sequence of standard and test weight was balanced and the triáis were randomised in each session. Each test weight was compared twelve times against the standard weight. Therefore, each participant responded 168 times in the experimental condition and 84 times in the control condition. Each session lasted approximately 45 min including a short break.
Results
In order to evalúate performance with real and virtual weights, individual data from the control and experimental conditions were used to build a psychometric function. This function would provide the subjective perception of the standard virtual weight or pointofsubjective equality (PSE) as well as the individual sensitivity to virtual weight changes or discrimination thresholds (DL) [7] . The psignifit where y is the lower and 1 -X the upper bound of the function [13] . The psychometric function is based on the two-parametric logistic rule,
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where a is location of the function on the x-axis and f$ is its slope. The parameter a coincides with the PSE and the parameter f$ indicates how sensitive the users are in detecting changes in virtual weight; that is, the steeper the function the greater the sensitivity. The DL was calculated on the basis of the 25% and 75% thresholds as 1725 -T751/2. An example of fitting the logistic rule to obtain the psychometric function is shown in Fig. 4 . Results showed very similar performances with both virtual and real weights. Bimanual manipulation had a twofold effect on weight perception (Fig. 5) . First, bimanually lifted weights felts heavier than weights lifted with the right hand only: the PSE of the experimental condition shifted to the left of the PSE of the control condition. A paired T-test showed that this effect was statistically significant with real weights when the standard weight was lifted with either the right hand (T (5) = 7.595, p = 0.001) or both hands (7(5) = -4.233, p = 0.008). However, with virtual weights this effect was found to be statistically significant only when the standard weight was lifted with the right hand (T( 7) = 2.821, p = 0.026). Second, the JND of the experimental condition was greater than the JND of the control condition; that is, sensitivity to changes in virtual weight reduced when users compared weights lifted with the right hand and both hands (Fig. 6) . A paired 7-test showed that this effect was statistically significant with real weights when the standard weight was presented in the right hand (7( 5 ) = -4.321, p = 0.008) and both hands (7 (5) = 2.62, p = 0.047). Similarly, the effect was statistically significant on JND with virtual weights when the standard weight was presented in the right hand (7( 7) = -4.572,p = 0.003) and both hands (7 (7) = 2.732, p = 0.029).
Furthermore, a comparison of the PSE of the control conditions with real and virtual weights (Fig. 7) showed that weight discrimination deteriorated with virtual weights. The JND with real weights was about 8g while the JND with virtual weights was about 56 g. Even though the JND with virtual weights was lower than the step size of 75 g, Weber's fraction showed that it was nearly six times higher than the predicted 9.8 g.
Discussion
The results of the present study have shown that weight discrimination performance with virtual weights generated by MF-2 was similar to real weights. Real weights lifted with the right hand felt heavier than weights lifted with both hands in both presenta-^0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 m-riy 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 J-L 1 | 1 1 1 iq rr-r-rrgr tion orders [8] . The same effect was observed with virtual weights when the standard weight was lifted with the right hand. Moreover, the JND when comparing weights lifted with the right hand and both hands was worse than when comparing weights lifted with the right hand only [8] . This was observed with both real and virtual weights and with both presentation orders. Nonetheless, weight discrimination with virtual weights was worse than with real weights: Weber's fraction obtained from the control condition (i.e., weights lifted with the right hand only) with both real and virtual weights showed that sensitivity to weight changes was reduced nearly six times.
There may be at least two reasons for the deterioration of weight sensitivity with virtual weights. First, participants had no reliable cutaneous information about the weights and therefore relied primarily on proprioceptive feedback to make weight judgments. The absence of cutaneous information could have contributed to the deterioration of weight sensitivity. Research has shown that physical properties of an object such as surface texture, which is perceived through cutaneous feedback, can affect weight judgments [4, 3] . Second, during lifting, MF-2 makes small adjustments of the horizontal forces in order to cancel out excessive grip forcé and maintain a constant size of the virtual box. These small perturbations could have interfered with proprioceptive information from vertical forces simulating virtual weight. If participants were not able to ignore these horizontal perturbations then their ability to accurately perceive virtual weight could have been affected. Research in weight perception using objects with shapes that do not facilitate easy grip may support this suggestion [2] . In these studies, the lack of effective grip may have resulted in constant readjustment of the grip during lift in order to secure the object. These readjustments, which engaged the proprioceptive system, could have caused similar horizontal perturbations with the ones observed in the present study interfering with proprioceptive information about weight.
Despite these limitations, the bimanual MF-2 set up has managed to simúlate effectively unimanual and bimanual weight sensation and establish a distinct presence for each of them. Further improvements on the realism of weight perception should be possible if hardware and software design could address the above issues. Haptic interfaces with effective unimanual and bimanual weight simulation could offer professionals the opportunity to train in precisión tasks which require accurate weight perception and scientists the possibilities to investígate dynamic aspects of weight perception (e.g., sensitivity to weight changes during object displacement) which is very difficult or even impossible with real weights.
Finally, the bimanual 'lighter' bias observed with both real and virtual weights sets further questions about the factors that may have produced it. For example, is it based on different peripheral signáis or imperfect central integration of weight information from both hands? It could be possible that employment of four digits to lift the same weight may result in more effective grip (e.g., due to elimination of torques which can be present during unimanual lifting) and therefore a weaker 'sense of effort' and 'lighter' weight percept. However, it could also be the case that the central nervous system may receive exactly the same peripheral weight signáis but the integration of this information from both hemispheres may be imperfect. In order to answer these questions further studies are necessary.
